A design of negative group delay (NGD) networks using a U-shaped defected microstrip structure (DMS) and lumped elements is presented in this paper. The signal attenuation characteristics of DMS were utilized to get NGD time. The group delay (GD) time and signal attenuation of the proposed networks are controlled by an external resistor connected across the DMS slot. For experimental validation, a single-stage and cascaded two-stage NGD networks were designed and fabricated. From experimental results, the GD of −8.24 ± 1.1 ns with the maximum insertion loss of 37.84 dB was obtained over bandwidth of 40 MHz.
Introduction
In recent years, there has been an increasing amount of research on negative group delay (NGD) networks. The NGD is a counterintuitive phenomenon that relates time advancement to wave propagation [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . This NGD phenomenon can be observed within the limited frequency band of signal in certain media under signal attenuation condition. It has been implemented in electronic circuitry and applied to various practical applications in communication systems, such as shortening or reducing delay lines, efficiency enhancement of a feedforward linear amplifier, bandwidth enhancement of a feedback linear amplifier, and beam-squint minimization in phased array antenna systems [3] [4] [5] [6] 11] . The group delay (GD) characteristics in circuit can be investigated by examining phase variation of forward transmitting scattering parameter. Using the deferential-phase GD ( ) relation,
the presence of NGD in circuit is equivalent to an increasing phase (positive phase slope) with frequencies.
The various kinds of NGD network based on active/ passive RLC resonators have been theoretically and experimentally validated in the previous studies [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . However, none of previous works were implemented transmission-type configuration NGD network using a parallel RLC resonator with a distributed transmission line because of implementation difficulty.
Recently, there is a growing interest on the periodic structures such as microstrip photonic bandgap (PBG), defected ground structure (DGS), and defected microstrip structure (DMS) which provide the signal attenuation characteristic at certain resonant frequency and are applied successfully in various applications [2, 8] . The DMS is a patterned structure etched on the signal strip instead of the ground plane. However, none of previous works were focused to design NGD network using DMS.
In this paper, the attenuation characteristics of DMS are utilized to design and investigate NGD networks. First, the U-shaped DMS is investigated, and the equivalent lumped elements are extracted using the equivalent circuit model. Secondly, the external capacitor is connected across the DMS slot to get the required operating resonant frequency. Then, the required amount of NGD time at the operating frequency is obtained by connecting the external resistor.
Design and Implementation
The configuration of the proposed NGD network is shown in Figure 1 (a) which consists of two 90 ∘ hybrid couplers and DMS-NGD networks. The balanced-type hybrid structure aims to improve the return loss characteristics of the transmission-type configuration NGD network. The layout of the DMS-NGD network is shown in Figure 1 (b) consisting of an external lumped capacitor ( exe ) and a resistor ( exe ) connected across the DMS slot. The equivalent circuit model of DMS can be expressed as a parallel RLC circuit as shown in Figure 1 (c) and the equivalent lumped elements of DMS are extracted by performing an EM simulation [13] which are given as (2a), (2b), and (2c)
where , 0 , and 21 are 3 dB cut-off frequency, resonant frequency, and transmission coefficient at the resonant frequency obtained from EM simulation, respectively. The externally connected exe and exe are in parallel with the RLC equivalent circuit of DMS as shown in Figure 1 (c). The added exe is used to obtain the required resonant frequency and GD time, whereas exe is used to get the required value of transmission characteristics at the resonant frequency. From the equivalent circuit of proposed structure shown in Figure 1 (c), the GD and signal attenuation ( 21 ) at the resonant frequency can be calculated as (3a) and (3b)
where 0 is termination port impedance and the values of and are given as (4a) and (4b)
From (3a) and (4a) and (4b), it is clear that the GD time is controlled by exe and . To verify the design concept of the proposed NGD network, firstly, the U-shaped DMS is simulated with a full-wave solver Ansoft HFSSv13 with the following dimensions: 0 = 2.4, 0 = 2, 1 = 4, 1 = 16, 2 = 6.8, 3 = 2.8, and = 0.4 (all units are in mm). The simulation is performed using a substrate RT/duroid 5880 with dielectric constant ( ) of 2.2 and thickness (ℎ) of 31 mils. Figure 2 shows the simulated resonance characteristics of U-shaped DMS where 3 dB cut-off and resonant frequencies are at 5.66 GHz and 7.56 GHz. Therefore, the extracted values of equivalent circuit of DMS are given as = 0.3586 pF, = 1.2389 nH, and = 3.5119 kΩ, respectively. Since the capacitance of DMS only is not enough to get the required resonant frequency of 2.14 GHz; therefore, by connecting exe = 4.15 pF, the resonant frequency is moved toward lower frequency around 2.14 GHz as shown in Figure 2 . Similarly, the transmission coefficient ( 21 ) is controlled by connecting exe = 1.1 kΩ. Figure 3 shows the simulation results of NGD network under different exe . The circuit simulation results have a good agreement with EM-simulation results. From this figure, it is shown that the GD amount is controlled by exe . From the simulation, the GD of −6.5 ns with insertion loss 19.4 dB was obtained at center frequency 2.14 GHz.
Simulation and Measurement Results
The goal was to design the GD of −7 ns for the wideband code division multiple access (WCDMA) downlink band operating at the center frequency 2.14 GHz. For this purpose, the NGD network using DMS is simulated and fabricated. The physical dimensions of U-shaped DMS are same as previous. Figure 4(a) shows the simulation and measurement results of single-stage NGD networks (with and without balanced structure). The measurement results have a good agreement with the EM-simulation results. In this measurement, exe = 4.14 pF and exe = 1.1 kΩ are used. From the measurement, it is found that the GD of −6.53 ns with the maximum signal attenuation of 19.97 dB at the center frequency of 2.14 GHz in case of balanced type.
The comparison results of return loss characteristics are shown in Figure 4 (b). As seen from this figure, return loss characteristics are around 1.24 dB in case of without balanced structure. Therefore, the balanced-type structure was used in order to improve the return loss ( 11 and 22 ) characteristics. The input and output return loss ( 11 and 22 ) characteristics of balanced-type NGD network are better than 23.5 dB.
As seen from Figure 4 (a), the NGD bandwidth is small which prevents to be used in practical applications. Therefore, the NGD bandwidth enhancement is required. For this purpose, the two-unit NGD network cells operating at center frequencies of 2.10 GHz and 2.15 GHz, respectively, are cascaded as shown in Figure 1(d) . The physical dimensions of the unit cell DMS-NGD network are the same as described previously, except for the separation distance between the unit cells, which is given as 5.4 mm. The values of exe1 = 4.16 pF, exe1 = 1.1 kΩ, exe2 = 4.10 pF, and exe2 = 1.1 kΩ are used to achieve the desired operating center frequency and GD time, respectively. compared to without balanced structure because it should be compensated positive group delay of two 90 ∘ hybrid couplers by designing NGD networks for higher value of NGD time than actual required value. As NGD time is increased, the NGD bandwidth decrease as well as increase the signal attenuation. The return loss characteristics of cascaded twostage NGD networks are shown in Figure 5 (b). The return loss characteristics are around 1 dB in case of without balanced structure whereas these characteristics are better than 19 dB in case of balanced type. Figure 6 shows the measured phase characteristics of single and cascaded two-stage balanced type NGD networks. As seen in the figures, the slope of the transmission phase is positive in a certain region of the frequency, which signifies the presence of the NGD in the proposed circuit. The signal International Journal of Antennas and Propagation attenuations can be compensated by using general purpose gain amplifiers. The photographs of fabricated circuit are shown in Figure 7 . The performance comparison of the proposed network with conventional circuits is given in Table 1 . As seen from this table, the proposed NGD network provides the highest NGD-bandwidth among conventional circuits.
Conclusion
In this paper, the demonstration of planar balanced-type negative group delay networks using a defected microstrip structure and lumped elements is presented. By taking advantage of the attenuation characteristics of the defected microstrip structure and connecting an external resistor and capacitor, the desired negative group delay and operating center frequency were obtained. The negative group delay is independently controlled by an external resistor. The proposed negative group delay network has compact size that is easy to implement. Therefore, it is expected to be applicable in communication systems such as minimizing the antenna correlation between adjacent antennas in multipleinput-multiple-output (MIMO) systems. It could also be applied in realization of non-Foster elements as well as electromagnetics application such as enhancing bandwidth of artificial magnetic conductors (AMCs).
